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By Marvin B. Dow and Robert T. Swann 
Langley Research Center 
SUMMARY 
A n  inves t iga t ion  of phenolic-nylon specimens w a s  conducted in an atmospheric- 
pressure subsonic electric-arc-powered jet  using gas streams of nitrogen and dif-  
f e r en t  oxygen concentrations.  No char removal was observed for specimens tested 
in  n i t rogen;  therefore ,  ox ida t ion  appears  to  be the only mechanism of char removal 
for these specimens.  With su f f i c i en t ly  h igh  hea t ing  r a t e s  and low t o t a l  h e a t  
i npu t ,  t he  r e su l t s  can be correlated in terms of a d i f fus ion  l imi ted  mechanism. 
The r e s u l t s  of t e s t s  w i th  l a rge r  t o t a l  hea t  i npu t  a r e  d i scussed .  
A surface energy balance of the heat input and of the  hea t  accommodated by 
various mechanisms i s  calculated.  With  oxygen concentrations of 11.5 percent and 
higher,  it w a s  found tha t  the  hea t  input  resu l t ing  from combustion i s  a s i g n i f i -  
can t  pa r t  o f  t he  to t a l  hea t  i npu t .  
The effect iveness  of  a char r ing  ab la tor  as determined by the t ime required 
to  ach ieve  a ce r t a in  back surface temperature rise i s  strongly influenced by the  
oxygen concentrat ion in  the tes t  s t ream. The effectiveness of phenolic nylon 
t e s t e d  i n  n i t r o g e n  i s  more than 70 percent  higher  than the effect iveness  of t he  
same m a t e r i a l  t e s t e d  i n  a i r .  
INTROIIJCTION 
Vehicles entering the earth 's  atmosphere a t  h igh  ve loc i t i e s  a re  sub jec t ed  to  
severe heating. A number of methods a r e  a v a i l a b l e  f o r  p r o t e c t i n g  t h e  i n t e r i o r  of 
a reenter ing spacecraf t .  In  general ,  charr ing ablators ,  subl iming ablators ,  and 
melt ing ablators  provide the most effective thermal-protection systems. Of these,  
the  char r ing  ab la tor  i s  superior  for a wide range of applications,  including the 
s tagnat ion area of manned reent ry  vehic les .  
The performance of a char r ing  ab la tor  a t  the s tagnat ion point  of a vehicle  
enter ing the ear th 's  a tmosphere a t  hyperbolic velocity i s  analyzed i n  r e f e r e n c e  1. 
The pr inc ipa l  d i f f icu l ty  encountered  in  such  an  ana lys i s  i s  the lack of  knowledge 
concerning the mechanism of char removal. The  mechanisms of char removal postu- 
l a t ed  in  r e fe rence  1 are  shear  and  thermal  s t resses ,  in te rna l  or externa l  pres -  
sure, and oxidation. 
Removal of char as a r e s u l t  of internal pressure has been investigated ana- 
l y t i ca l ly .  (See  re f .  2 . )  The results of t h i s  s t u d y  i n d i c a t e  t h a t  f o r  some mate- 
r ials the  char  will bu i ld  up t o  a certain thickness and then be blown of f  by t h e  
in t e rna l  p re s su re  and thermal stresses. Studies  of the removal of char by aerody- 
namic shear are not available.  Results of a detai led experimental  s tudy of  char  
formation and removal are p resen ted  in  r e fe rence  1. The tes t s  were conducted i n  
a subsonic atmospheric-pressure electric-arc-powered jet. Under these condi t ions,  
fo r  t he  ma te r i a l  t e s t ed  the  gene ra l  f ea tu re  of char removal as a r e su l t  o f  i n t e r -  
na l  p re s su re  w a s  not observed. The ana lys i s  of reference 3 ind ica t e s  t ha t  t he  
r e s u l t s  of reference 1 are consis tent  with an oxidation mechanism of char removal 
which i n  some ins tances  may be d i f fus ion  cont ro l led .  
Speculation as t o  t h e  e f f e c t s  of oxidation on the char formation and removal 
f o r  t h e  materials t e s t e d  i n  t h e  i n v e s t i g a t i o n  of reference 1 made it d e s i r a b l e  t o  
conduct an experimental study of similar materials with the same t e s t  f a c i l i t y  
and control  the oxygen concentration of t h e  a r c  j e t .  
In  the present  paper ,  the resul ts  of  such a s tudy are  presented.  Some pre-  
l iminary  resu l t s  from t h i s  s t u d y  were presented  in  re ference  4. A typ ica l  char -  
r i ng  ab la t ion  material was exposed t o  a high-temperature arc-jet stream of con- 
t r o l l e d  oxygen content  to  inves t iga te  the  e f fec t  o f  oxygen concentration on t h e  
material char removal, depth of pyrolysis, surface temperatures, surface energy 
balance,  and abi l i ty  of a given weight of material t o  l i m i t  back surface tempera- 
t u r e  r ise .  Data were obtained from tes ts  i n  which t h e  oxygen concentration was 
var ied  from 0 t o  50 percent  by weight. Two ranges of convect ive heat- t ransfer  
rate were used i n  t e s t i n g ,  t h e  r a n g e s  b e i n g  108 t o  121  and 171 t o  Btu 
f t  -sec 2 
Btu 
f t  -sec 2 
193 . In   addi t ion ,   the   resu l t s   o f  char  removal were co r re l a t ed   i n  t e rms  
of  the ra te  a t  which oxygen diffuses  through the boundary l a y e r  t o  t h e  s u r f a c e .  
SYMBOLS 
C concentration of oxygen 
E 
f 
H 
2 
ef fec t iveness ,  Heat input before 300° F r i s e  
Weight of ma te r i a l  
v o l a t i l e  f r a c t i o n ,  P - PC 
P 
t o t a l  en tha lpy  
- Hw 
heat  of ab la t ion  
heat absorbed by surface per  unit of mass i n j e c t e d  i n t o  boundary l aye r  
heat of combustion per unit weight of char 
rate of mass t r a n s f e r   i n t o  boundary l aye r  
rate of char removal 
r a t e  a t  which oxygen d i f fuses  to  su r face  
r a t e  of formation of gaseous products of pyrolysis 
Lewis number 
Prandt l  number 
Schmidt number 
in tegra ted  hea t  input  
convective heating rate with mass t r a n s f e r  
convective heating ra te  with no mass t r a n s f e r  
ne t  r ad ian t  hea t ing  r a t e  
combustive heat ing rate 
v e l o c i t y  i n  boundary l a y e r  p a r a l l e l  t o  s u r f a c e  
v e l o c i t y  i n  boundary l aye r  normal t o  s u r f a c e  
weight of heat-shield material 
boundary-layer  coordinate  paral le l  to  surface 
boundary-layer coordinate normal t o  surface 
char thickness 
d e p t h  t o  which pyrolysis  has  penetrated from i n i t i a l  s u r f a c e  l o c a t i o n  
3 
t r a n s p i r a t i o n  f a c t o r  
h weight  of char removed per  unit   weight  of oxygen d i f f u s i n g   t o   s u r f a c e  
P v i scos i ty  
P densi ty  
P C  char density 
P '  densi ty  of  boundary-layer  fluid 
Subscripts:  
e cond i t ion   if l ow  ex te rna l   t o boundary l aye r  
W w a l l  value 
TEST MATERIAL AND PROCEIXTRES 
Test   Mater ia l  
The t e s t  m a t e r i a l  was a mixture of equal parts by w e i g h t  of phenol ic  res in  
and powdered nylon with a density of 75 pounds per cubic foot. Test specimens 
consis t ing of  3- inch-diameter  f la t - face cyl inders  of  different  thicknesses  were 
machined from large blanks of phenolic nylon. 
P r i o r  t o  t e s t i n g ,  t h e  specimens were a t t a c h e d  t o  a brass mounting ring as 
shown i n  f i g u r e  1. The specimens used in  de t e rmin ing  the  ab i l i t y  of the  mater ia l  
t o  limit back surface temperature rise were instrumented as shown i n  f igu re  1. 
The specimens used t o  determine the effects  of oxidation were uninstrumented. 
Test Procedures 
Tests  were performed by exposing the 3-inch-diameter front face of the speci- 
mens to the high-temperature gas stream produced by the 2500-ki lowatt  arc  je t  a t  
t he  Langley  Research  Center.  This  facility i s  descr ibed  in  re ference  5. It pro- 
duces a subsonic gas stream a t  atmospheric pressure having a s ta t ic  temperature  
of about 6,4000 F and a constant enthalpy of approximately 3,000 Btu/lb. The 
photograph of figure 2(a) shows t h e  a r c - j e t  f a c i l i t y  w i t h  a specimen i n  t h e  t e s t  
pos i t ion .  
The specimens were a t tached  to  the  water -cooled  s t ing  of  a movable i n s e r t e r  
( f i g .  2 ( a ) )  by  means of the brass holders shown i n  f i g u r e  1. The removable 
in se r t e r  pos i t i oned  the  specimen a f t e r   t h e   a r c   j e t  had been s t a r t e d  and the proper 
operating conditions had been established. A l l  specimens were tes ted  wi th  the  
f r o n t  f a c e  i n i t i a l l y  a distance of 2 inches from the top edge of the nozzle.  
Measurements of the "cold-wal l"  heat- t ransfer  ra te  were made immediately before 
Sting  crass  sectlon 
" 
lr"---- 
"_" 
" 
1 
AI I 
I I 
-" Thermocouple  passage 
,----Water passage 
Sensor 
I I 
Speclmen  assembly cross section 
L-64-351 
Figure 1.- Instrumented  test  specimen  showing brass mounting  ring  and  instrumentation. 
and a f t e r  specimen exposure by means of a 3/8-inch-diameter water-cooled heat- 
t ransfer-rate  probe shown in  f igu re  2 (a ) .  Cons t ruc t ion  de ta i l s  and operation of 
the probe are  descr ibed in  reference 5.- The hea t - t r ans fe r  r a t e s  measured by t h e  
probe were ad jus ted  to  g ive  the  hea t - t ransfer  ra tes  a t  the  s tagnat ion  poin t  of  the  
3-inch-diameter specimens by means of an experimentally determined correction 
fac tor .  
The free-stream temperature of the j e t  was measured a t  a height of 2 inches 
above the nozzle.  The temperature w a s  measured spectrographically by an atomic- 
l i n e - i n t e n s i t y  r a t i o  method by using the electronic excitation spectrum of copper 
that  appears  in  the gas  caused by the  small contamination from the  a rc - j e t  e l ec -  
trodes. This temperature-measuring technique i s  d i s c u s s e d  i n  d e t a i l  i n  r e f e r -  
ence 6. Determinations of the stream temperature were made before  and af ter  
specimen exposure. 
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":*. - Movable  specimen  ins rter 
i i  
Heat-transfer-rate  probe 
sensing head 
Infrared  radiometer 
( a )  Arc - j e t   t e s t   s e tup .  L-64-552 
Figure 2.- T e s t  f a c i l i t y .  
During t e s t i n g ,  a continuous record of specimen surface emission was obtained 
f o r  some of t he  specimens  through the use of an infrared radiometer.  The sensing 
head of th i s  ins t rument ,  as shown i n  f i g u r e  2 ( a ) ,  was focused on the  s tagnat ion  
point  of  the specimen surface as c l o s e  t o  t h e  v e r t i c a l  as p o s s i b l e  i n  o r d e r  t o  
minimize the effect  of  the target  displacement  due t o  specimen surface regression.  
To a l low t e s t ing  in  an  a rc - j e t  stream with controlled oxygen content ,  the 
normal a i r  supply  for  the  a rc  j e t  w a s  modified to  permit  operat ion with varying 
percentages of oxygen and ni t rogen.  The gas supply system and the instrumenta- 
t i o n  f o r  control l ing and measuring the f low of  gases  to  the arc  j e t  are shown 
schemat ica l ly  in  f igure  2(b) .  The mass flow rate  of gas (0.35 pound per second) 
was t h e  same f o r  a l l  tes ts  regardless  of gas composition. 
Two ranges of heat-transfer ra te  were obtained by using a 2-inch- o r  a 
4-inch-diameter nozzle. The gas stream from the 2-inch-diameter nozzle had a 
b 
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( b )  Gas supply system. 
Figure 2 .  - Concluded. 
velocity of approximately 
3,400 f e e t   p e r  second and pro- 
duced cold-wall heat-transfer 
ra tes   o f  171 Btu t o  
193 Btu . Tests  of  the 
f t  -sec 2 
f t  -see 
3-inch-diameter specimens i n   t h e  
gas stream from th i s  nozz le  were 
of the "splash" type in  which 
the hot  gas  heats  the specimen 
front  surface but  i s  def lected 
away from the  s ides  so t ha t  very 
l i t t l e  h e a t i n g  o c c u r s  on the  
specimen s ides .  The gas  tream 
from the 4-inch-diameter nozzle 
had a velocity of approximately 
850 f ee t  pe r  second and produced 
cold-wal l  heat- t ransfer  ra tes  of 
108 Btu t o   1 2 1  Btu 
2 f t  -sec f t  -see 
Three-inch-diameter specimens 
t e s t e d  i n  t h e  gas stream from 
th is  nozz le  were immersed i n   t h e  
stream. This  immersion r e su l t ed  
in  subs t an t i a l  hea t ing  on the  
specimen s ides .  
The specimens used t o  determine char-removal rates and pyrolysis depths were 
exposed to  the  a rc- je t  s t ream for  f ixed  t ime in te rva ls .  Af te r  tes t ing ,  the  th ick-  
ness of mater ia l  removed a t  the stagnation point of the specimen was determined 
by measuring the overall  thickness of t h e  specimen and subtracting the measurement 
from the previously measured thickness  of t h e  specimen  beforde t e s t i n g .  The depth 
of  pyrolysis  in  each specimen w a s  determihed from a diametr ical  sect ion.  The dis- 
tance to  the char-virgin-mater ia l  interface w a s  measured from the back surface of 
t he  specimen and the  d is tance  w a s  subtracted from the  specimen thickness before 
t e s t ing  to  p rov ide  a measure of pyrolysis depth. 
The specimens used t o  de te rmine  the  ab i l i ty  of t he  ma te r i a l  t o  l i m i t  back 
surface temperature  r ise  were a l l  of equal thickness and were exposed t o   t h e  gas 
s t ream unt i l  the  copper  calor imeter  a t  the back of the  specimen ( f i g .  1) experi-  
enced a temperature r ise  of 300° F. The t ime required for the temperature rise t o  
occur w a s  determined from oscillograph recordings. This type of test w a s  con- 
ducted only with the 2-inch-diameter nozzle. 
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ANALYSIS 
Char removal by oxidat ion depends on the  r eac t ion  rate and on the concentra- 
t i o n  of oxygen a t  the  sur face .  For t h e  c a s e  i n  which the  r eac t ion  rate i s  high 
and the oxidat ion process  i s  cont ro l led  by t h e  amount of oxygen d i f f u s i n g   t o   t h e  
surface,  it i s  shown i n   t h e  appendix t h a t  t h e  ra te  of char removal by oxidation i s  
Equation (1) a p p l i e s  t o  t h e  c a s e  i n  which a l l  t h e  a v a i l a b l e  oxygen reac ts  wi th  
the  char and none reacts with the gaseous products of pyro lys i s .  The v a l i d i t y  of 
t h i s  assumption can be determined only from a detailed aerothemochemical analysis 
of t h e  boundary l a y e r  o r  from a comparison of experimental results wi th  the  r e su l t  
given by equation (1). 
The rate a t  which heat  i s  added t o  t h e  s u r f a c e  as a r e s u l t  of combustion i s  
where Ah1 i s  the   hea t  of  combustion pe r  un i t  weight of char consumed. Since 
the  reac t ion  appears  to  be  a sur face  reac t ion ,  it i s  assumed in  equa t ion  ( 2 )  
t h a t  a l l  the heat generated by the oxidat ion react ion i s  absorbed by t h e  
surface.  
RESULTS 
The general  feadures of t h e  e f f e c t  of oxidation on the  performance of char- 
forming ablators are shown i n  figure 3. The specimens shown i n  f i g u r e  3 were 
tes ted under  the same condi t ions except  for  the oxygen concen t r a t ion  in  the  a rc -  
j e t  stream. Since the tests were conducted with the h-inch arc-jet nozzle, the 
specimens were immersed i n  t h e  stream and, as a consequence, experienced consider- 
able  heat ing on the  s ides .  The main poin t  of  in te res t  i s  t h a t  specimen 22, which 
w a s  t e s t e d  i n  t h e  absence of oxygen, maintained a completely f la t  surface,  the 
change i n  depth probably resulting from shrinkage of the char during formation. 
The e f f e c t  of increased oxygen concentration, as evidenced by specimens 16 and 17 
of figure 3, i s  t o  i n c r e a s e  g r e a t l y  t h e  amount of material  removed and to  dec rease  
the  th ickness  of the carbonaceous char layer. It would appear from the  qua l i t a -  
t i v e  d i f f e r e n c e s  between t h e  specimens t e s t e d   i n  a stream containing only nitrogen 
and  those  t e s t ed  in  a stream containing oxygen tha t  cha r  removal occurs only when 
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(a) Test 22; ce = 0. 
L-62-1013 
(b) Test 17; Ce = 0.10. (c) Test 16; C, = 0.232 
(air). 
Figure 3.- Effect  of  oxygen on char  removal.  Test 
material,  phenolic  nylon;  heat-transfer  rate, 
109 to 110 Btu/ft*-sec; nozzle size, 4 inches; 
exposure  time, 300 seconds.  Borders  around 
specimens  indicate  original  specimen  size. 
t o t a l  hea t  i npu t .  Def in i t i on  of t h e  d e p t h  t o  
discussed  subsequently. The to t a l   hea t   i npu t  
t he re  i s  oxidation. The r e s u l t s  
of more de t a i l ed  tes ts  are pre- 
sented i n  subsequent sections. 
Char Formation and Removal 
The r e s u l t s  of two inves t i -  
gat ions of char formation and 
removal a r e  summarized i n  
t a b l e  I .  The d e t a i l s  of t h e  
t e s t s   i n   r e g a r d   t o  oxygen concen- 
t r a t ion ,  hea t - t r ans fe r  ra te ,  and 
exposure time are also given for  
each  specimen. The t e s t  condi- 
t i o n s  f o r  t h e  two s e r i e s  d i f f e r  
pr imar i ly  in  hea t ing  ra te ;  some 
of t h e  t e s t s  were conducted with 
the &-inch arc-jet  nozzle and 
some with the 2- inch arc- je t  noz- 
z l e .  Some data are   a l so   inc luded  
from reference 7. 
Depth of pyrolysis . -  The 
experimentally measured depths 
of pyrolysis  are shown i n  f i g -  
ure  4 p l o t t e d  as functions of 
which pyrolysis has penetrated i s  
i s  the product of heat-transfer rate 
and time and thus i s  p ropor t iona l  t o  t e s t  du ra t ion .  The curves of f igu re  4 i n d i -  
ca t e  t ha t  t he  dep th  of pyrolysis  i s  approximately a l inear  func t ion  of t o t a l  h e a t  
input  a f te r  a t o t a l  h e a t  i n p u t  of about 4,000 Btu/ft2.  The curves of figures 4(a)  
and 4 ( b ) ,  which p resen t  t he  r e su l t s  of t es t s  with the 4-inch and 2-inch nozzles, 
respect ively,  show tha t  t he  dep th  of py ro lys i s  fo r  a given t o t a l  h e a t  i n p u t  
increased with increasing oxygen concentration. However, a comparison  of f i g -  
ures  &(a)  and 4(b)  shows tha t  t he  dep th  of pyro lys i s  which has occurred with a 
given t o t a l  h e a t  i n p u t  and oxygen concentration i s  r e l a t ive ly  in sens i t i ve  to  hea t -  
t r a n s f e r  ra te  for  the  range  of  va lues  for  which a comparison can be made. 
Char removal.- The experimentally determined thicknesses of char removed a re  
shown i n  f igu re  5 p l o t t e d  as funct ions of t o t a l  h e a t  i n p u t .  The thickness  of char 
removed i s  assumed t o  be equal t o  t h e  d i f f e r e n c e  between t h e   i n i t i a l  specimen 
thickness and the thickness of t he  specimen af ter  t e s t i n g ;  t h a t  i s ,  the  char  
shrinkage i s  not considered. Since the amount of char shrinkage i s  proport ional  
t o  char  th ickness ,  the  e r ror  involved  in  th i s  assumpt ion  i s  less than  the  dimen- 
s iona l  changes shown i n  figure 3(a).  Cont rary  to  the  resu l t s  ob ta ined  for  depth  
of pyrolysis  with a given to t a l  hea t  i npu t  and  oxygen concentrat ion,  the thickness  
of char removed i s  grea te r  a t  the  h igher  hea t - t ransfer  rates. (See  f igs .  5(a)  
and ?(b).) A s  shown i n  f i g u r e s  3(a)  and  5(b) ,  the  th ickness  of char removed 
increases  fa i r ly  uni formly  wi th  increased  to ta l  heat inpu t  fo r  t he  two inves t iga-  
tions except for the low-oxygen-concentration (Ce = 0.116) tes t s  with the 2-inch 
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c C, q,, Btu/ft2-sec o 0.50 117 - 121 .6 ,232 108 - I I3 D .o 108 - I13 
x e a 
.2P 0 "_ 
I 
Ce 
0 0.50 
0 ,232 - 
8 
Tolal heat inpul. Btu / f I2  
(a)  Tests  with 4- inch arc- je t  nozzle .  
I 
qc.,,, Btu/ft2-sec 
0 ,116 173 
v ,056 I80 
D .o I74 
Total heat input, Btu/f t*  
6 X  IO3 
J 
32  36 x IO3 
(b) Tests with 2-inch arc-jet  nozzle.  
Figure 4 . -  Pyrolysis-depth curves. 
10 
C, qCp. Btu / f tz  - sec 
0 0.50 I I7  - 121 
0 ,232 108 - I I3 
v . IO  I IO 
- 
." 
Total heat 
16 
inp ut.  Btu/ftZ 
- I I 
Ce qc,o, Btu/f tz-sec 
o 0.50  188 - 193 
,232 171 - 181 - 
0 .I 16 173- 175 
v ,058 I80 
- 
/ 
/- 
( a )  Tes t s  with 4-inch arc-jet  nozzle.  
. .. 
/ 
/ 
/ 
/ 
I 
Total  heat  input, Btu/ f t2 
(b) Tests with 2-inch arc-jet  nozzle. 
Figure 5.- Char-removal curves. 
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TABLE I.- OXIDATION TESTS 
I I I I 
1 
2 
3 
4 
5 
6 
8 
7 
9 
10 
11 
12 
13 
14 
1-5 
16 
17 
18 
19 
20 
21 
22 
23 
2 
1 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
YJ 
50 
50 
50 
50 
23.2 
23.2 
23.2 
23.2 
23.2 
23.2 
23.2 
23.2 
23.2 
23.2 
23.2 
10.0 
0 
0 
0 
0 
0 
0 
50 
50 
50 
YJ 
50 
50 
23.2 
23.2 
23.2 
23.2 
23.2 
23.2 
23.2 
23.2 
23.2 
23.2 
23.2 
11.6 
11.6 
11.6 
11.6 
11.6 
11.6 
5.8 
0 
4-inch-diameter  nozzle 
14 
13.5 
45 
90 
120 
31 
31 
60 
60 
90 
120 
122 
180 
180 
241 
300 
300 
31 
61 
95 
120 
300 
300 
0.11 
.11 - 25 
.40 
.48 
.15 
.15 
* 25 
* 25 
.33 
.40 
.42 
.58 
.58 
.65 
.77 
.68 
13 
.22 
.28 
.28 
.55 
.55 
2-inch-diameter  nozzle 
20 
40 
60 
90 
120 
180 
21 
41 
51 
61 
76 
91 
91 
120 
121 
1% 
180 
40 
50.5 
75.5 
90 
121 
150.5 
150.8 
132 
T 0.08 .18 
* 27 
.44 
a 5 9  
* 92 
.04 
.08 
.12 
.16 
.21 
.28 
.29 
.45 
.41 
.54 
.64 
* 07 
* 09 
13 
.18 
.31 
.43 
.30 
(a) 
T 0.20 .33 
.43 
.60 
* 75 
.17 - 27 
.J1 
.33 
.40 
.46 
.45 
.59 
.57 
.69 
.82 
25 
.28 
.37 
.43 
.50 
.58 
.44 
.53 
1.07 
%easurement  not  obtained  because of char-layer  separation. 
bats from  reference 7. 
‘Indicates amount of char  shrinkage. 
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nozzle .  (See f ig .  5(b) .  ) For these tests the rate of char removal increases 
ra ther  abrupt ly  a t  a total  heat  input  of  about  15,000 Btu/f t2 .  
Char thickness.-  The difference between the depth of pyrolysis and the thick- 
ness of char removed i s  the char  thickness;  that  is ,  it i s  the thickness of char 
which i s  ava i lab le  to  insu la te  the  unpyrolyzed  mater ia l  from the external  environ-  
ment. I n  f i g u r e  6 the char  thickness  i s  p l o t t e d  as a function of t o t a l  h e a t  
input.  Figure 6(a)  shows the char thiclmess produced a t  the  lower heating rate 
i s  a monotonic increas ing  func t ion  of  to ta l  hea t  inputs  to  about  20,000 Btu/ft2.  
For  grea te r  to ta l  hea t  inputs ,  the  ava i lab le  data ind ica te  tha t  the  char  th ick-  
ness approaches a c o n s t a n t  v a l u e  f o r  t e s t s  i n  a i r  (Ce = 0.232) and continues t o  
increase for t e s t s  i n  n i t r o g e n  (Ce = 0) .  A t  t he  h ighe r  hea t ing  r a t e  ( f ig .  6 ( b ) ) ,  
t he  cha r  t h i ckness  fo r  t e s t s  i n  a high oxygen concentration (Ce = 0.50)  quickly 
reaches a constant value.  For t h e  t e s t s  a t  a lower oxygen concentration 
(Ce = 0.232 and 0.116) ,  the char  thickness  increases  with total  heat  input  unt i l  
a maximum thickness i s  reached a t  a heat input corresponding to the increase i n  
char-removal rate. With fu r the r  i nc reases  in  to t a l  hea t  i npu t ,  t he  cha r  t h i ck -  
ness  decreases  to  the  th ickness  obta ined  in  tes t s  a t  high oxygen concentration 
(Ce = 0 . 5 0 ) .  
Correlation of Char-Removal Rates With a Diffusion 
Limited  Oxidation Mechanism 
The experimentally determined thickness of char removed has  been plot ted in  
f igure  5 as a func t ion  of  to ta l  hea t  input .  From equation (1) it i s  found tha t  
the s lope of th i s  curve  i s  
i f  the char  i s  removed as a resu l t  o f  a diffusion l imited oxidat ion mechanism. 
If the l inear  ra tes  of  pyrolysis  and of  char  removal  are  assumed t o  be equal, 
equation (3a) can be wr i t ten  as 
0 0.50 117-121 
~ 0 .232 108-113 
v . I O  110 
D .o 108-1 13 
( a )  Tests with 4-inch arc-jet  nozzle.  
Total heat  input, 
188-193 
171 -181 
173-175 
V 
.. 
(b) Tests with 2-inch arc-jet  nozzle.  
Figure 6.- Char-thickness curves. 
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The er rors  involved  in  th i s  assumpt ion  a re  d iscussed  later. The values of Ce 
and He - Hw were determined for each test  as p a r t  of the  tes t  p rocedure .  The 
densi ty  of t h e  o r i g i n a l  material p i s  known and it has been assumed t h a t  t h e  
value  of h i s  3/4 for  diffusion  l imited  oxidation.  (See  appendix.  ) Before 
values  of  the  slope can  be  calculated from equation  (3b),  7, f ,  and NLe must 
be evaluated. 
The va lue  of  the  t ranspi ra t ion  coef f ic ien t  q depends on the  molecular 
weight of the injected gases  and on the character of the boundary-layer flow. It 
has been experimentally determined that for Teflon the value of q i s  approxi- 
mately 0.42 for laminar flow and 0.19 for  turbulent  f low.  (See refs .  8 and 9 . )  
It w a s  determined that  with the 2- inch nozzle  the t ranspirat ion factor  for  Teflon 
has a value corresponding t o  t ha t  for turbulent f low. In a similar t e s t  w i th  the  
&-inch nozzle ,  the t ranspirat ion factor  w a s  found t o  be between the  va lue  for  
laminar flow and the value for turbulent flow. Such turbulence m i g h t  a r i s e  from 
the a-c arc and might ex i s t  i n  t he  v i sc id  f low.  No determination of t he  com- 
posit ion of the injected gases w a s  made.  However, mass t r a n s f e r  i s  r e l a t i v e l y  
ine f f ec t ive  in  b lock ing  aerodynamic heating in turbulent f low and a value 
7 = 0.2 was used.  This  value  corresponds  to a i r  in jec t ion  in  turbulen t  f low.  
The Lewis number was assumed t o  be unity.  
The appropriate value of f depends on the char  densi ty  a t  the surface.  
The char  layer  i s  r e l a t i v e l y  t h i n  and f r a g i l e ,  and it has not been possible to 
obtain values of the density except for averages through the entire char thick- 
ness .  In  most cases,  the average specific gravity of the mater ia l  in  the char  
l aye r  w a s  0.485 although in certain cases discussed subsequently the specific 
grav i ty  w a s  0.43. When the specif ic  gravi ty  of  the char  i s  equa l  t o  0.485, t he  
value  of f i s  0.60. 
The blocking of heat input which i s  achieved by the  gases  t ranspi red  in to  
the  boundary i s  a r e l a t i v e l y  small fac tor  in  these  tes t s  because  of  the  turbulen t  
flow conditions mentioned previously. Likewise the effect of mass t r a n s f e r  on 
the quant i ty  of oxygen d i f fus ing  to  the  su r face  i s  small. Examination  of  equa- 
t i o n  (3.) shows t h a t  f o r  t h e  e x i s t i n g  t e s t  c o n d i t i o n s ,  l a r g e  changes i n  t h e  r a t i o  
of  the  ra te  of pyrolysis  to  the rate  of  char  removal  have l i t t l e   e f f e c t  on the  
va lue  fo r  dzc/dQ; therefore,  the assumption of a quasi-steady condition as repre- 
sented by equation (3b) cannot introduce a l a rge  e r ro r .  
The experimental data from f igu re  5 have been replot ted in  f igure 7 and 
s t ra ight  l ines  having the s lopes given by equation (3b) have been f i t t e d   t o   t h e  
data .  The calculated char removal and experimental char removal a t  the lower 
hea t ing  r a t e s  (108 t o  121  Btu/ft2-sec) as shown i n  f i g u r e  7( a )  do not agree,  par- 
t i c u l a r l y  f o r  t h e  t e s t s  with high oxygen concentration (Ce = 0 .50) .  It appears 
t h a t  a diffusion controlled char-removal condition was not produced i n   t h e s e  
tes ts ,  probably because the tes t  heat ing rates  were too  low t o  produce surface 
temperatures high enough t o  p rov ide  the  r eac t ion  r a t e s  r equ i r ed  to  ob ta in  a d i f -  
fusion controlled condition. That i s ,  the re  w a s  more oxygen ava i lab le  a t  the  
surface than w a s  being consumed i n  t h e  r e a c t i o n s  and the process i s  r a t e  
control led.  
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Figure 7.- Comparison of measured and calculated char removal. 
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The comparison between calculated char removal and experimental char removal 
a t  higher  heat ing rates (171 t o  193 Btu/ftZ-sec) i s  shown i n  f i g u r e  7(b) .  For 
t h e  tes ts   a t  high oxygen content (Ce = 0 .5O) ,  the char removal again does not 
appear t o  be diffusion control led but  ra ther  rate control led.  The calculated and 
experimental char removal for the lower oxygen concentrat ion tes ts  (Ce = 0.232 
and 0.116) show good agreement a t  t he  lower  to t a l  hea t  i npu t s  up t o  about 
16,000 Btu/ft2.  A t  h igher  heat  inputs  the experimental  ra te  of char removal i s  
s igni f icant ly  h igher  than  predic ted ,  par t icu lar ly  for  the  lowes t  oxygen concen- 
t r a t i o n  (Ce = 0.116). Although the  exper imenta l  resu l t s  ind ica te  tha t  char  
removal i n   t h e   t e s t   f a c i l i t y  i s  a mechanism of oxidation, it i s  d i f f i c u l t   t o  
reconci le  this condition with r a t e s  of char removal greater than those predicted 
on the  basis of a diffusion control led react ion.  Factors  such as changes i n  t h e  
character of the heating and changes in char density must be considered. These 
f ac to r s  a re  d i scussed  in  more detai l  subsequent ly .  
Surface Temperature Histories 
Surface temperature  his tor ies  are  shown i n  f i g u r e  8. The 2-inch-diameter 
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Figure 8.- Surface temperature histories 
fo r  t e s t s  w i th  2 - inch  a rc - j e t  nozzle. 
arc- je t  nozzle  w a s  u s e d  i n  t h e s e  t e s t s .  
In general ,  the temperature i s  higher with 
higher oxygen concentration i n  t h e  t e s t  
stream. With oxygen i n  t h e  t e s t  s t r e a m  
the  sur face  of t he  specimen recedes and 
the  a rea  viewed by the radiometer moves 
from the stagnation point toward the edge 
of the specimen which i s  a t  a higher tem- 
perature   than  the  s tagnat ion  point .   This  
condition accounts for the e r r a t i c  tempera- 
t u r e  measurements a t  longer  times.  Sig- 
nificant dimensional changes occur more 
s lowly for  the specimens tes ted in  ni t ro-  
gen; this  temperature  measurement does not 
become er ra t ic  un t i l  char  shr inkage  causes  
the  a rea  viewed by the radiometer  to  move 
toward the edge of the specimen. 
Surface Energy Balance 
The energy input a t  the  sur face  of 
t he  tes t  specimen must be accommodated by 
a combination  of  three mechanisms: re ra-  
d ia t ion  from the surface,  blocking of heat  
input  by  the  gases  t ranspi red  in to  the  
boundary layer, and conduction t o   t h e  
mater ia l  behind the surface.  In  the tes ts  
repor ted  here in ,  the  hea t  input  cons is ted  
of the convective heating plus the heating 
of  the  sur face  resu l t ing  from combustion 
of the char.  
The  heat  inputs  and  the  heat  accommodated  by  each  mechanism  of  energy  are 
shown in table I1 for  tests in nitrogen, in 11.6-percent  oxygen,  and in 
23.2-percent  oxygen.  The  tests  were  made  with  the  2-inch  arc-jet  nozzle. The 
measured  cold-wall  heating  rate  is  reduced  by  a  factor  of l/3 by  the  hot-wall 
correction.  The  combustive  heating  was  calculated  by  using  the  assumptions  that 
all the  char  which  is  removed  reacts  with  oxygen  to  form  carbon  monoxide  and  that 
all the  heat  is  absorbed  by  the  surface.  The  reradiation  component  shown  in 
table I1 was  measured  directly  by  the  infrared  radiometer  which  had  been  cali- 
brated  with  a  high-temperature  black body. 
TABU 11. - ENERGY-BALANCE TESTS WITH 2-LNCH-DIAMETER NOZZm 
Specimen  number . . . . . . . . . . . . . . . . . .  13 20 25 
Gas  composition,  percent 02 . . . . . . . . . . . .  23.2(air) 11.6 0 
Test  time (measur d),  see . . . . . . .  15 15 30 
Cold-wall  heating  rate  (measured),  Btu/ft  -see . . 175  175 174 
Hot-wall  heat input , Btu/f@-sec . . . . . . . . .  116 116 116 
Combustive  heat  inpu ,B /ft2-sec . . . . . . . .  35 25 0 
Net heat  input,  Btu/ft2-sec 151 141 116 
‘2’ - * * 
- - - 
. . . . . . . . . . . .  
Heat  reradiated  (measured),  Btu/ft2-sec . . . . . .  92 84 81 
Heat  blocked,  Btu/ft2-sec . . . . . . . . . . . . .  10 7 3 
Heat  absorbed,  Btu/ft2-sec . . . . . . . . . . . .  58 42 16 
Total  he taccommodated,  Btu/ft2-sec . . . . . . .  160 133 100 
- - -
From tests  of  Teflon  models  it  appears  that  the  flow  is  turbulent with the 
2-inch  nozzle;  therefore,  the  heat  blocked  was  calculated  by  using  a  transpira- 
tion  factor  of 0.20. The  heat  absorbed  includes  the  heat  absorbed  by  the  solid, 
the  heat  of  pyrolysis,  and  the  heat  absorbed  by  the  gaseous  products  of  pyrolysis. 
It  was  assumed  that 2,000 Btu/lb  was  required to  raise  the  temperature  of  the 
phenolic  nylon to  the  surface  temperature. 
For  the  tests  in  air  and  11.6-percent  oxygen,  the  difference  between  esti- 
mated  heat  input  and  estimated  heat  accommodated  is  approximately 6 percent. For 
the  test in nitrogen,  however,  the  estimated  heat  accommodated  is  about 14 percent 
lower  than  the  estimated  heat  input.  The  error  of 14 percent  is  consistent  with 
the  accuracy  of  the  various  measurements  and  assumptions  used  to  prepare  the 
table. 
Material  Effectiveness 
A convenient  parameter  for  evaluating  the  relative  thermal  performance  of 
materials is defined as  the  total  heat  input  to  the  surface  before  a  temperature 
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r i s e  of 300° F i s  experienced a t  the back surface divided by the weight of heat- 
sh i e ld  material; t h a t  i s ,  
E = Q/W 
The r e s u l t s  of t h e s e  t e s t s  a r e  shown i n   t a b l e  I11 and the data a r e  p l o t t e d  i n  f i g -  
ure  9. When t h e  oxygen concentration i s  near  that  of  a i r ,  the  e f fec t iveness  i s  
TABLE 111.- EFFTCTIVENESS  TESTS WITH 2-INCH-DIAMETER NOZZU 
Specimen 
" 
1 
2 
3 
4 
5 
6 
7 
8 
Percent 02 
i n   t e s t  gas 
23.2 
23.2 
11.6 
11.6 
5.8 
5.8 
0 
0 
. 1 I 
Specimen 
densi ty  , 
lb/cu f t  
- 
75.26 
75.21 
75.24 
74.78 
75 - 20 
75.14 
75.35 
75 - 21  
Figure 9.-  Effect of oxygen concentration on 
thermal effectiveness of phenolic nylon. 
Tests with 2-inch nozzle. 
- 
! 
Time 
f o r  300° F 
temperature 
r i s e  
173 
175 
204.4 
203 
225.5 
219 
298 
297 
not  s t rongly inf luenced by oxygen 
concentration. The effect iveness  
increases with decreasing oxygen 
concentrat ion par t icular ly  a t  low 
oxygen Concentration. The e f f ec t ive -  
ness i s  more than 70 percent  greater  
f o r   t e s t s  conducted in  n i t rogen  than  
f o r   t e s t s  conducted i n  a i r .  
DISCUSSION 
Char Formation 
Char i s  formed as one of t he  
products of pyrolysis of a charr ing 
ab la t ion  mater ia l .  When a mater ia l  
of th i s  type ,  such  as phenolic nylon, 
i s  exposed t o  hea t ,  s eve ra l  d i s t i nc t  
l ayers  of material presumably corre- 
sponding to  d i f fe ren t  degrees  of  
thermal degradation can be identified. 
The specimens shown in the photographs of  f igure 10 evidence these dis t inct  
layers  of  mater ia l .  The specimen shown i n  f i g u r e  lO(a) w a s  t e s t e d  i n  a n  a r c - j e t  
stream containing 5.8-percent oxygen and t h e  specimen shown i n  f i g u r e  1 0 ( b )  w a s  
t e s t e d  i n  n i t r o g e n .  The following four layers can be observed in each photograph: 
(1) A porous black layer which i s  e a s i l y   i d e n t i f i e d  as charred mater ia l  
( 2 )  A layer having a porous  s t ruc ture  in  which the nylon has apparently 
decomposed i n t o  gaseous products 
( 3 )  A nonporous l a y e r   i n  which the nylon has apparently melted 
( 4 )  A layer containing the remainder of the material  in which no v i s i b l e  
e f fec ts  of  hea t ing  can be detected 
Separation  frequently  occurs between layers  (1) and ( 2 ) .  (See  f ig .  10(b), f o r  
example.) This condition suggests that the phenolic resin i s  decomposing a t  t h i s  
i n t e r f ace  and t h a t  t h e  m a t e r i a l  h a s  l i t t l e  s t r u c t u r a l  s t r e n g t h  a t  t h i s  p l ane .  
The t r a n s i t i o n  from l aye r  ( 2 )  t o  l a y e r  (3)  i s  abrupt as shown i n  b o t h  f i g -  
ures  lO(a) and 1 0 ( b ) .  The t r a n s i t i o n  from l aye r  (3)  t o  l a y e r  ( 4 )  i s  l e s s  w e l l  
defined. 
The ques t ion  a r i ses  as t o  which of t he  in t e r f aces  between d i f f e ren t  l aye r s  
should be cons idered  to  be the  dep th  to  which pyrolysis has penetrated.  In anal-  
yses  of the performance of charring ablators during reentry heating, it i s  f r e -  
quently assumed t h a t  a l l  pyrolysis occurs a t  a s ing le  in t e r f ace .  On t h i s  b a s i s ,  
t he  most l og ica l  de f in i t i on  of an experimental  pyrolysis interface i s  t h e  one a t  
which the largest  percentage of  pyrolysis  occurs .  Most of the nylon decomposes 
t o   y i e l d  gaseous products, whereas a large percentage of the phenolic remains as 
a s o l i d  i n  t h e  form  of char. Therefore, i f  t h e  i n t e r p r e t a t i o n  of t he  l aye r s  
observed i n  f i g u r e  10 i s  cor rec t ,  the  pyro lys i s  in te r face  should  be defined as 
the  in t e r f ace  between l aye r s  ( 2 )  and (3) ;  t h a t  i s ,  the pyrolysis  interface sepa-  
r a t e s  t h e  zone i n  which the nylon i s  melted from the zone i n  which it has decom- 
posed. The measured values of depth of pyrolysis shown i n  t a b l e  I a r e  t h e  dis- 
tances from the  o r ig ina l  ou te r  su r f ace  to  the  py ro lys i s  i n t e r f ace  as defined 
previous ly .  This  pyro lys i s  in te r face  which was c l ea r ly  de f ined  in  a l l  spec- 
imens tes ted  a l so  provides  a good reference in  experimental  measurements. 
Char Removal 
To thi .s  point  it has been establ ished that  in  the low-enthalpy subsonic  arc  
j e t  u sed  in  the  p re sen t  i nves t iga t ion ,  cha r  removal does not occur without oxida- 
t i o n .  With high oxygen content  in  the tes t  s t ream and/or  low hea t ing  ra tes ,  the  
char-removal  process i s  reac t ion- ra te  cont ro l led .  With low oxygen concentrations 
and high heat ing rates ,  the process  appears  to  be diffusion control led.  However, 
under  cer ta in  condi t ions the rate  of  char  removal  i s  grea te r  than  tha t  pred ic ted  
on the basis  of  a diffusion control led oxidat ion mechanism of char removal. 
Insuf f ic ien t  da ta  a re  ava i lab le  to  expla in  th i s  resu l t  comple te ly ;  however, a 
number of pertinent observations can be made. 
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Photographs of specimens tested i n  streams of different compositions are 
shown i n  f i g u r e  11. A l l  t he  specimens were tested with the 2-inch-diameter nozzle 
for  about  120 seconds. The surfaces  of  the specimens tes ted in  a stream con- 
taining 50-percent oxygen ( f i g .  l l ( a ) ,  top view) present a uniform appearance 
from the  center  to  the  edge .  This  condi t ion  i s  i n  c o n t r a s t  t o  t h e  specimens 
t e s t ed  in  s t r eams  of l e s s e r  oxygen content  except  for  the specimen tes ted with no 
oxygen  which experienced no char removal. Apparently, when the stream has low 
oxygen content,  most of t h e  oxygen i s  removed from the  boundary layer when t h e  
flow impinges on the center portion of the specimen. However, with the higher 
oxygen concentration considerable oxygen remains i n  t h e  boundary l aye r  as it 
flows outward from the s tagnat ion point  and the edge of t he  specimen i s  oxidized 
i n  much the  same manner as the center  port ion.  This  resul t  fur ther  supports  the 
conclusion reached ear l ier  that  the char  removal  i s  react ion-rate  control led with 
the higher  oxygen concentration and diffusion controlled a t  lower oxygen 
concentrations.  
Examination of the  sur faces  of t h e  specimens shown i n   f i g u r e s   l l ( b )  , 11( e ) ,  
and l l (d)  revea ls  an  increas ingly  coarse  gra in l ike  s t ruc ture  as the  oxygen con- 
tent  of  the s t ream decreases .  The surface of  the specimen t e s t e d  i n  n i t r o g e n  
differs  considerably from  any  of the others .  This  surface condi t ion may be the  
limit t o  t h e  t r e n d  e x h i b i t e d  i n  f i g u r e s  l l ( b ) ,  l l ( c ) ,  and l l ( d ) .  I n  a d d i t i o n  t o  
the  gra in  pa t te rn  near  the  center  of  the  spec imens ,  cons iderable  i r regular i ty  i s  
observed near the edges of specimens shown i n   f i g u r e s   l l ( b ) ,  11( c ) ,  and 11( d ) .  
The surface condition depends strongly on the  t e s t  t ime .  Specimens t e s t e d  
about 90 seconds are shown i n  f igu re  12. The formation of the grain pattern i s  
barely evident a t  t h i s  time, even on the  sur face  of t he  specimen t e s t e d  i n  a 
stream containing only 11.6-percent oxygen.  Specimens t e s t e d  f o r  90 and 120 sec- 
onds i n  a stream containing 11.6-percent oxygen a r e  shown i n  f i g u r e  13. The con- 
t ras t  between the surface conditions of these two specimens i s  obvious. A marked 
decrease in  char  thiclmess occurred between 90 and 120 s’econds f o r  specimens 
t e s t e d  i n  a stream containing 11.6-percent oxygen. (See fig.  6(b).)  
Because of the differences in  the appearance of  specimens tes ted for  90 sec- 
onds ( f i g .  12), the  physical  propert ies  of  the char  may be d i f f e r e n t .  The r a t e  
of char removal shown i n  f i g u r e  7 i s  based on changes i n   l i n e a r  dimensions; 
therefore ,  a change in  the  dens i ty  of  the  char  would r e s u l t  i n  a change i n  t h e  
ca l cu la t ed  r a t e  of char removal. For chars similar t o  t h a t  shown i n  f i g -  
u re  l3 (b ) ,  t he  dens i ty  was determined t o  be 11 percen t  l e s s  t han  tha t  fo r  o the r  
chars such as those shown i n  f i g u r e  l3(a) .  This i s  a change in  the  average  
density of the char, and the change in density a t  the surface may be more or 
l e s s  t h a n  t h i s  amount. The lack of agreement between calculated and  measured 
rates of char removal, which beg ins  sho r t ly  a f t e r  a tes t  t ime of  90 seconds, 
may r e s u l t  from these changes in  the character  of the specimens. 
Mater ia l  Effect iveness  
The r e l a t i v e  a b i l i t y  o f  v a r i o u s  m a t e r i a l s  t o  limit the back surface tempera- 
t u r e  r i s e  when the  f ront  sur face  i s  exposed t o  a given environment has been used 
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(a)  Ce = 50 percent. (b) Ce = 23.2 percent  (air). 
(c) Ce = 11.6 percent. 
( d )  ce = 5.8 percent. 
(e) C, = o percent. 
L-64-35? 
Figure 11.- Effects of stream  composition on specimen  physical  characteristics  for  exposure  times 
of 120 seconds  or greater. Tests made  with  the  2-inch  arc-jet  nozzle. 
r 
(a) Ce = 50 percent. 
(b) Ce = 23.2 percent  (air) 
(c) ce = 11.6 percent. L-64-356 
Figure 12.- Effects of stream  composition  on  specimen  physical  characteristics for exposure times 
of about 90 seconds. Tests  made with the  2-inch  arc-jet nozzle. 
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( a )  90 seconds. ( b )  120 seconds. L-64-357 
Figure 13.- Effect of exposure time on surface condition of specimens tested with the 2-inch 
arc- je t  nozz le  in  a stream containing 11.6-percent oxygen. 
i n  s c reen ing  t e s t  programs to  eva lua te  the  e f fec t iveness  of d i f fe ren t  mater ia l s  
and to  iden t i fy  those  ma te r i a l s  which should be subjected to further study. (See 
r e f .  1.) Considerable caution, however,  must be exe rc i sed  in  in t e rp re t ing  the  
resu l t s  of  such  tes t s .  Resul t s  of t e s t s  of materials having surfaces which do 
not  react  chemical ly  with the tes t  s t ream (for  example, glass  surfaces)  may be 
unaffected by the stream composition, whereas results of tests of materials having 
surfaces  which oxidize will be strongly influenced by the concentration of oxygen 
in  the  t e s t  s t r eam.  Fur the r ,  it i s  shown in  r e fe rence  3 t h a t  i n  o r d e r  t o  achieve 
simulation of performance a t  h i g h   r e e n t r y   v e l o c i t y   i n   t h e   t e s t   f a c i l i t y   u s e d   i n  
the  present  inves t iga t ion ,  the  oxygen concen t r a t ion  in  the  t e s t  stream should be 
between 0.03 and 0.05. The e x t e n t  t o  which the performance of different classes 
of ma te r i a l s  a r e  a f f ec t ed  by various environmental parameters must therefore  be 
considered when t h e  r e l a t i v e  e f f e c t i v e n e s s  of mater ia l s  of d i f f e ren t  c l a s ses  i s  
eva lua ted ,  par t icu lar ly  when t h e   t e s t  environment differs g rea t ly  from t h e  f l i g h t  
environment i n  which the  mater ia l  i s  t o  be applied.  
C ONC LUDING REMPLRKS 
Oxida t ion  e f fec ts  a re  a major factor in the performance of char-forming 
ab la to r s  such as phenolic nylon. Because of the differences in the dimensional 
cha rac t e r i s t i c s  o f  specimens t e s t e d  i n  a i r  and i n  n i t r o g e n ,  it i s  concluded t h a t  
without oxidation there i s  no char removal by the gas stream of t h e  a r c - j e t  
f a c i l i t y  a t  the  ope ra t ing  cond i t ions  used  in  th i s  i nves t iga t ion .  
A t  high heating rates and with low t o t a l  h e a t  i n p u t  f o r  s h o r t  t e s t  t i m e s ,  
t he  removal of char i s  a diffusion control led process .  A t  lower  heat ing rates  
the oxidation rate depends on the react ion rate .  Apparent ly ,  a l l  t he  ava i l ab le  
oxygen reacts  with the char .  A t  longer  tes t  t imes  the  ra te  of char removal 
appea r s  t o  be greater than can be accounted for on the  bas i s  of oxidation. How- 
ever, measured rates of char removal were based on l i n e a r  measurements of t h e  
surface locat ion.  The ana lys i s  u sed  in  the  co r re l a t ion  of r e s u l t s  i s  based on 
the weight of char removed, and it i s  d i f f i cu l t  t o  de t e rmine  the  dens i ty  of t h e  
char  near  the surface.  Further  invest igat ion of the abrupt  change i n  t h e  r a t e  of 
char removal i n   t e s t s  i s  recommended. 
For  tes ts  in  gas  s t reams having high oxygen concentrat ions,  the heat  input  
t o  t h e  s u r f a c e  r e s u l t i n g  from combustion i s  a s ign i f i can t  f r ac t ion  o f  t he  to t a l  
heat  input .  When th i s  hea t  i npu t  i s  considered, a reasonable balance between 
heat input and heat accommodated by various mechanisms can be calculated.  
The effect iveness  of  a char r ing  ab la tor  as measured by back surface tempera- 
t u r e  r i s e  i s  strongly influenced by the  oxygen concent ra t ion  in  the  tes t  s t ream.  
The ef fec t iveness  of phenol ic  nylon tes ted in  ni t rogen i s  more than 70 percent 
higher  than the effect iveness  of  the same m a t e r i a l  t e s t e d  i n  a i r .  
Langley Research Center, 
National Aeronautics and Space Administration, 
Langley Station, Hampton, V a . ,  November 12, 1963. 
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APPENDIX 
ANALYSIS OF OXIDATION 
The oxidat ion of carbon surfaces in hot airstreams has been extensively 
s tud ied  ana ly t i ca l ly .  (See refs. 10 t o  12. ) It is found that at low surface 
temperatures the rate of oxidation of carbon i s  control led by the react ion 
rates. However, at higher  surface temperatures  the process  i s  d i f fus ion  con- 
t r o l l e d ;  t h a t  i s ,  the  rate of oxidation i s  l imited by the quant i ty  of oxygen 
d i f f u s i n g  t o  t h e  s u r f a c e  t h r o u g h  t h e  boundary l aye r .  For porous carbon sur- 
faces ,  the temperature  at which the process  becomes d i f fus ion  cont ro l led  i s  
lower than it i s  for nonporous sur faces .  
The char  layer  tha t  i s  formed when charr ing ablators  are heated tends to  be 
porous, as evidenced by the  fac t  tha t  the  gaseous  products  of pyro lys i s  t ranspi re  
through it. In addition, injection of these pyrolysis products into the boundary 
layer reduces the quantity of oxygen d i f f u s i n g  t o  the surface.  Therefore,  it i s  
an t i c ipa t ed  tha t  t he  ox ida t ion  of the  char  sur face  w i l l  be diffusion control led,  
even at r e l a t i v e l y  low temperatures.  
The rate at  which oxygen d i f f u s e s  t o  t h e  s u r f a c e  i s  determined from t h e  
boundary-layer equation for conservation of oxygen. This equation i s  (from 
re f .  13): 
The energy equation can be expressed in the following form: 
Equations (Al)  and (A2) are based on a nonreacting mixture of two gases having 
t h e  same heat   capaci ty .  If Np, = 1 or i f  au2/& i s  small compared with 
aH/&, which i s  v a l i d  at stagnation regions,  equation (A2) may be expressed 
approximately as follows : 
The maximum rate of  diffusion of oxygen t o  t h e  s u r f a c e  i s  obtained when t h e  
concentration of oxygen at t h e  w a l l  vanishes.  The boundary conditions for equa- 
t i o n s  (Al) and (A3) are : 
c = o  
H = H  W 
C Ce 
H + H ,  
The oxygen concentration and the enthalpy can be replaced by the  dimension- 
less var iab les  
I H - H ,  
H =  (A6b 
He - Hw 
In terms of these new variables ,  equat ions (Al), ( A 3 ) ,  ( A 4 ) ,  and (A5)  a re  
" 
C = H = O  
- c =Ti+l 
Because of the formal similarity of equations (A7a) and ( A D )  and t h e i r  
boundary conditions (A7c) and  (A7d), i f  t he  so lu t ion  of equation ( A D )  i s  
- 
H = q(x,Y,Npr) (A8a 
the solution of equation (A7a) i s  
- 
c = cp(X,Y,N&) 
where cp i s  t h e  same funct ion  in   both  cases .  It i s  shown in  re ference  14 t h a t  
cp(x,y,Npr) can be  expressed as 
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Therefore, 
The r a t e  at which oxygen d i f f u s e s  t o  t h e  w a l l  i s  
The aerodynamic hea t ing  ra te  i s  
The r a t i o  of r a t e  of diffusion of  oxygen t o  t he  su r face  to  r a t e  of hea t  t r ans fe r  
is 
Therefore, 
With N k  = 1 and based on the assumption that the energy and concentration 
boundary-layer thicknesses are equal, th is  resu l t  can  be  appl ied  to  turbulen t  
flow. 
The convect ive heat ing rate  that  i s  obtained with mass injection can be 
expressed approximately i n  terms of the  rate of i n j ec t ion  and the convective 
heating rate with no in j ec t ion  as follows: 
Equation (All) i s  based on a linear approximation of a b l a t i o n  t h e o n .  (See 
r e f s .  15 and 16.)  
Char Removal 
The r a t e  of char removal i s  
m, = Ail(02) 
where h i s  the weight of char removed per unit weight of oxygen d i f f u s i n g  t o  
the  sur face .  It may be  assumed t h a t  a l l  the  ava i lab le  oxygen reacts  with the 
carbonaceous char.  In reali ty,  the products of pyrolysis are also available for 
reac t ion  at the  sur face  or i n  t h e  boundary layer. The e x t e n t  t o  which these  
products  enter  in  the react ion processes  can be determined analytically only by 
a detailed aerothermochemical analysis. These effects can be studied parametri- 
c a l l y  from the  present   analysis  by adjust ing  the  values  of h and Ahl. For 
example, i f  t h e  r e a c t i o n  a t  the  sur face  i s  
2c + 02 -3 2co 
and a l l  the  ava i lab le  oxygen reacts  with the char ,  h = 3/4. However, if only 
one-half of  the  ava i lab le  oxygen reacts  with the char ,  A = 3/8 instead of 3/4. 
In  the present  analysis  it has been assumed t h a t  a l l  the  ava i lab le  oyygen r eac t s  
with the char.  From equations (AlO), (All), and (Al2) ,  the  ra te  of char  removal 
by oxidation i s  
Combustive heat ing.-  The oxidation of carbon i s  an exothermic process. For 
a surface reaction such as the  one under consideration, it i s  an t i c ipa t ed  tha t  
v i r t u a l l y  a l l  the heat generated by the  r eac t ion  w i l l  be absorbed by the surface. 
This conclusion follows from the inabili ty of the  hea t  thus  genera ted  to  f low to  
the higher  temperature  regions exter ior  to  the surface.  The combustive heating 
r a t e  i s  
where Ah1 i s  the  hea t  of combustion  per  unit  weight of char.  
Heat of Ablation 
The significance of this heating can best  be understood by determining i t s  
e f f ec t  on the  hea t  of ab la t ion .  The heat of ablation i s  defined as follows: 
where qr i s  net   radiant   heat   input .  
When the surface i s  subjec ted  to  h igh  rad ian t  hea t ing  ra tes  (sl. > 0 ) ,  use 
of the l inear  approximation leads to  considerable  error  and ac tua l  so lu t ions  of 
the boundary-layer equations must be used (ref.  17) rather than equation (All). 
The surface of a charring ablator normally maintains a high temperature, and the 
net  radiant  heat  input  i s  negative. Therefore, equation (All) i s  v a l i d  for 
charr ing ablators  for  most heating conditions.  From an energy balance at t h e  
surface,  the rate of mass in j ec t ion  i s  
Equations (AlO), (All), (Alz), (Al4), (Al?), and ( ~ 6 )  can  be combined t o  y i e l d  
the following result: 
In  the  absence of combustive  heating, q1 = 0 and equation ( A l 7 )  y ie lds  
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